Abstract. In this study we compared the content of muscle free [Mg 2+ ] assessed by 31 P MRS to that of serum total Mg assessed by routine colorimetric assays in 15 patients affected by Chronic Intestinal Failure (CIF) on long-term Home Parenteral Nutrition (HPN) or who had undergone isolated intestinal transplantation. We also investigated in the same cohort of patients the relationship of muscle free [Mg 2+ ] and serum total Mg with parathyroid hormone (PTH) serum content. All patients showed a normal cytosolic free [Mg 2+ ] in the calf muscle despite about half of them having a content of total serum [Mg] below or at the lower edge of the boundary limits. Muscle free Mg 2+ and serum total Mg displayed an opposite correlation versus serum PTH, showing that the intracellular free form possesses a different functional metabolic meaning in the regulation of PTH secretion.
The level of serum Mg is known to influence the level of serum parathyroid hormone (PTH), although, in the literature there are several studies reporting conflicting results of the relationship between serum Mg and serum PTH [1] [2] [3] [4] [5] .
Serum Mg concentration is considered to be a poor indicator of the body Mg pool, representing only 0.3%, [1] [2] [3] [4] [5] [6] [7] . In addition, there is a poor correlation between serum Mg and the tissue content of Mg [8] and intracellular Mg depletion can be present despite a normal serum Mg concentration [9, 10] . Therefore, it has been suggested that the intracellular Mg content could be a better indicator and a more important regulator of the level of serum PTH [1] [2] [3] [4] [5] [6] [7] . Intracellular Mg content is regulated by specific influx and efflux mechanisms (ion channels and antiporters), and although some of them have been characterized in depth [11] [12] [13] , the precise knowledge of cell Mg 2+ homeostasis is still waiting to be elucidated [14] .
Within the cell, total and free Mg are not in chemical equilibrium with each other, as testified by studies showing that: i) the concentration of the two forms displayed different responses upon hormonal stimulation both in liver and heart [15] [16] [17] and ii) the intracellular concentration of the free form is not significantly different in the erythrocytes of various species, independent of their total magnesium content [18] . About 90% of the total human body Mg is contained in bones and skeletal muscles, the latter containing approximately one third of it. Magnesium is known to regulate Ca 2+ traffic in smooth [19] and skeletal [20] muscle cells by acting as a blocker of Ca 2+ channels.
Phosphorus magnetic resonance spectroscopy ( 31 P MRS) offers a unique opportunity to assess in vivo the free cytosolic magnesium concentration in tissues. In particular, this technique has been employed in human brain and skeletal muscle providing new hints about Mg 2+ homeostasis [21, 22] .
In this study we compared the content of muscle free [Mg 2+ ] assessed by 31 P MRS to that of serum total Mg assessed by routine colorimetric assays in a cohort of patients affected by Chronic Intestinal Failure (CIF), who were on long-term Home Parenteral Nutrition (HPN) or who underwent isolated intestinal transplantation (ITx). We also investigated, in the same group of patients, the relationship of muscle free [Mg 2+ ] and serum total Mg with PTH serum content.
Intravenous infusion of nutrients is a nonphysiological method of nutritional support. In patients receiving HPN or intravenous hydration, subclinical deficiency of nutrients may persist and metabolic complications may develop [23] . Low serum concentrations of Mg and K have been reported in 2-30% of patients receiving intravenous magnesium with HPN [24] . Furthermore, low concentrations of magnesium in red blood cells have been observed in about 30% of the patients on HPN who have normal serum magnesium levels [25] . An imbalance of Mg homeostasis as well as of bone metabolism and PTH secretion has been described in HPN and ITx patients [26, 27] , although a direct relationship between osteoporosis and Mg is still controversial [28] [29] [30] .
An impaired response to PTH has been suggested to develop in patients on long term HPN [31, 32] . The renal activity of PTH is due to the direct activation of adenylate cyclase in the renal tubule and intracellular production of cyclic AMP [33] . The free intracellular Mg is a cofactor of adenylate cyclase, therefore when a reduction in the intracellular concentration of ionised Mg occurs, resistance to the action of PTH in the kidney may develop [34] .
Therefore, we selected this cohort of patients as an experimental model to understand if the Mg present in different compartments such as serum and skeletal muscle has a different functional meaning in the regulation of PTH secretion and function.
Materials and methods

Patients and subjects
Fifteen stable adult outpatients (age 45 ± 16; 8 M, 7 F) affected by CIF were enrolled in the study. Ten of them were receiving long-term home parenteral nutrition (HPN) and two were receiving intravenous hydration. Three patients underwent an isolated small bowel transplantation and were on oral free diet not receiving any HPN or intravenous hydration.
The causes of CIF of the patients on HPN and on intravenous hydration were: short bowel syndrome (SBS) in 7, chronic disorders of the intestinal motility: chronic intestinal pseudo-obstruction (CIPO) in 4, extensive mucosal disease in 1. In ITx patients, transplantation was performed for intestinal infarction patient in 1, and for idiopathic intestinal pseudoobstruction in 2.
Inclusion criteria were: age ≥ 18 years, stable clinical conditions, HPN duration ≥ 6 months, for patients on HPN, and time from ITx ≥ 6 months for ITx patients. Exclusion criteria were: oral magnesium supplementation, disease of the parathyroid, thyroid or adrenal gland, renal or liver failure, diabetes, ongoing treatment with diuretics.
Fifteen healthy subjects (age 39 ± 17; 7 M, 8 F) volunteered for the assessment of muscle free [Mg 2+ ] by 31 P MRS. Informed written consent was obtained from patients and control subjects and studies were carried out with the approval of the local hospital Ethics Committee.
Mg measurements
Serum total [Mg] was assessed by the routine hospital laboratory Xilidil blue colorimetric assay, using an automated multi-parametric analyzer (Modular D, Roche Diagnostics, Milan, Italy). The hospital laboratory normal range (mean ± 2 SD) of serum total [Mg] was: 0.74-1.2 (mM).
Skeletal muscle cytosolic free [Mg 2+ ] was assessed by 31 P MRS. The normal range (mean ± 2 SD), taken by a sample of 15 healthy control subjects, was: 0.31-0.43 (mM).
Intact PTH (iPTH) was measured using a commercial immunochemiluminescent assay (ICMA) (Elecsys PTH, Roche Diagnostics, Mannheim, Germany). The iPTH hospital laboratory routine normal range (mean ± 2 SD) was: 14-72 (pg/mL).
In HPN patients 31 P MRS was performed and blood samples collected 8 hours after stopping the nocturnal infusion.
P MRS
MR spectra were acquired on a General Electric 1.5 T Signa System whole-body scanner (Milwaukee, USA). Radiofrequency pulses at 25.866 MHz with a pulse width of 400 µs and a transmitter power of 0.5 kW were transmitted by a surface coil (20.5 cm diameter; General Electrics) and the resonance signals were collected by a 7.5 cm receiving coil. A data table of 2048 complex points was collected for each FID. The band width was 2.5 kHz. The delay between transmission and reception was 0.5 ms and the dwell time was 250 µs. The stimulation-response sequence was repeated every 5000 ms (TR = 5000 ms). Magnetic field homogeneity was optimized by shimming the Subjects lay supine with a 20.5/7.5 cm diameter transmitter/receiver surface coil centred on the maximal circumference of the right calf muscle. Spectra were acquired at rest collecting 64 FIDs. The area of each metabolite signal was fitted to a Lorentzian line shape using a time-domain fitting program AMARES/JMRUI [35] , the PCr and Pi concentration were calculated by assuming a normal ATP concentration of 8 mM [36] ] versus PTH were performed by simple linear regression analysis. The statistical significance of the linear regression was evaluated by analysis of variance (ANOVA) using a cut off of 0.05, which means that a significant correlation is achieved for a p-value < 0.05.
Results and discussion
All patients showed a normal cytosolic free [Mg This represents a new and intriguing finding, as most of the studies reported in the literature investigated the relationship between serum total Mg and serum PTH only [1] [2] [3] [4] [5] , while it has been suggested that the intracellular Mg content could be a more important regulator of serum PTH [1] [2] [3] [4] [5] [6] [7] hypermagnesemia on PTH secretion has long been documented [2, 5, 38] , and is now a well established concept. Ionized Ca 2+ constitutes the main physiological regulator of PTH secretion in man [39] . PTH secretion is inhibited when serum Ca 2+ decreases and is stimulated when serum Ca 2+ increases [40] . However, a study on pregnant women receiving intravenous magnesium sulphate for the suppression of premature labor, showed that the induced hypermagnesemia decreased the secretion of PTH, and that the serum PTH concentration remained depressed despite concomitant hypocalcemia [38] . There are many studies reporting contradictory results concerning the relationship between serum Mg and serum PTH, although several of them report that serum total Mg and PTH were inversely correlated [41] [42] [43] . Interestingly, in one of these studies performed on patients on continuous ambulatory peritoneal dialysis, it was shown that a significant inverse correlation between serum PTH and serum magnesium was present only in the sub-group having a PTH < 300 pg/mL [43] , which is the same condition as the patients of the present study.
PTH is the major systemic regulator of the concentration of calcium, phosphate, and active vitamin D metabolites in blood and of cellular activity in bone. The effect of PTH on skeletal muscle metabolism has been also documented [44, 45] , although no specific receptors have been identified in this tissue. Two receptors have been identified so far that bind parathyroid hormone, both coupled to adenylate cyclase and whose ligand binding induces a rise in intracellular concentration of cyclic AMP [46] . Parathyroid hormone receptor 1 (PTH1) is the classical PTH receptor, and is mainly expressed in bone and kidney; while parathyroid hormone receptor 2 (PTH2) is expressed primarily in the central nervous system, pancreas, testis, and placenta [47] . However, a transient increase of cyclic AMP concentration in rat quadriceps muscle upon intravenous injection of PTH fragment has been reported, suggesting that skeletal muscle appears to possess a PTH responsive adenylate cyclase system [48] . In addition, it has been shown that in cardiac myocytes the addition of agents leading to cyclic AMP increase results in a change of total intracellular Mg, accompanied by smaller changes of cytosolic free Mg 2+ [16] . A limitation of the present study is that we could not perform the assessment of total intracellular Mg in the skeletal muscle of patients for obvious ethical reasons. This prevents us from ascertaining whether the positive correlation found of the muscle free
Mg
2+ with serum PTH is due to the different functional meaning of the skeletal muscle Mg pool rather than a different functional meaning of the free form. We have already pointed out that several studies have provided evidence that total and free intracellular magnesium are not in chemical equilibrium with each other [15] [16] [17] [18] [19] 49] . In view of this, it has been suggested that intracellular Mg 2+ may regulate metabolic functions not within the cytosol, but in locations where its concentration oscillates, such as extracellular fluid and intracellular compartments [16] .
In conclusion this study showed that muscle free Mg 2+ and serum total Mg have an opposite correlation versus serum PTH, providing further evidence of the complex relationship between Mg and PTH. These results also provide a basis for further investigation of the possible different metabolic roles of the total and free forms of magnesium.
